Ionizing radiation (IR) is one of the most widely used treatments for cancer. However, acute damage to the gastrointestinal tract or gastrointestinal acute radiation syndrome (GI-ARS) is a major dose-limiting side effect, and the mechanisms that underlie this remain unclear. Here we use mouse models to explore the relative roles of DNA repair, apoptosis, and cell cycle arrest in radiation response. IR induces DNA double strand breaks and DNA-PK mutant Prkdc scid/scid mice are sensitive to GI-ARS due to an inability to repair these breaks. IR also activates the tumor suppressor p53 to trigger apoptotic cell death within intestinal crypt cells and p53 deficient mice are resistant to apoptosis. To determine if DNA-PK and p53 interact to govern radiosensitivity, we compared the response of single and compound mutant mice to 8 Gy IR. Compound mutant Prkdc scid/scid /Trp53 −/− mice died earliest due to severe GI-ARS. While both Prkdc scid/scid and Prkdc scid/scid /Trp53
−/− mutant mice had higher levels of IR-induced DNA damage, particularly within the stem cell compartment of the intestinal crypt, in Prkdc scid/scid /Trp53 −/− mice these damaged cells abnormally progressed through the cell cycle resulting in mitotic cell death. This led to a loss of Paneth cells and a failure to regenerate the differentiated epithelial cells required for intestinal function. IR-induced apoptosis did not correlate with radiosensitivity. Overall, these data reveal that DNA repair, mediated by DNA-PK, and cell cycle arrest, mediated by p53, cooperate to protect the stem cell niche after DNA damage, suggesting combination approaches to modulate both pathways may be beneficial to reduce GI-ARS. As many cancers harbor p53 mutations, this also suggests targeting DNA-PK may be effective to enhance sensitivity of p53 mutant tumors to radiation. Cell Death and Differentiation (2017) 24, 1853-1860; doi:10.1038/cdd.2017.107; published online 7 July 2017
Ionizing radiation (IR) causes DNA double strand breaks (DSBs) that can trigger two distinct cellular responses: DNA repair that contributes to cell survival, versus apoptosis or programmed cell death. 1 What factors regulate the decision to execute one or the other of these two responses within a given cell or between cell types, and how this dictates overall response to IR in vivo is unclear.
DNA DSBs can be repaired by homologous recombination, a pathway that predominates in cells that are in the S/G 2 phase of the cell cycle or by the nonhomologous end-joining (NHEJ) pathway which predominates in cells in G 0 /G 1 .
2 Stem cells are typically in G 0 /G 1 and so these cells may be especially reliant on NHEJ. 3, 4 To initiate NHEJ, two proteins, Ku70 and Ku80, bind to the broken DNA ends and recruit DNA-PKcs, the catalytic subunit of the DNA-PK holoenzyme, which together with Artemis, XLF, XRCC4 and ligase IV processes and rejoins the breaks. 5 Severe combined immunodeficient mice (Prkdc scid/scid ) have reduced DNA-PKcs activity due to a mutation in Prkdc at Tyr4046, resulting in impaired DNA DSB repair and radiosensitivity. 6, 7 DNA DSBs can also activate p53 leading to upregulation of pro-apoptotic genes and apoptotic cell death. Transit amplifying intestinal crypt cells from Trp53 −/− mice are markedly resistant to the early wave of IR-induced apoptosis which peaks at 4 h, highlighting the important role of p53 in this response. 8 At 24 h post IR, a delayed wave of cell death occurs in the Trp53 −/− mice 9 attributed to increased mitotic catastrophe due to progression of cells with chromosomal damage through the cell cycle. 10 The gastrointestinal (GI) tract is highly susceptible to the damaging effects of IR, and GI-ARS is a major limiting factor for certain radiotherapy regimens. The intestine is a tissue that exhibits high cellular turnover making it a useful model to study both stem cell biology and the response to IR. 11, 12 Several markers for the identification of the small intestinal stem cell have been reported including Bmi1, HopX, mTert, Lrig1, and Lgr5+. 12 Only the Lgr5+ stem cells of the GI, also called crypt base columnar cells (CBC), reside at the base of the crypt between the Paneth cells. 13 The Lgr5 stem cells divide about once per day 14 to generate the much more rapidly dividing transit amplifying cells located at positions +4-10 of the crypt. The transit amplifying cells in turn generate the differentiated cells of the intestine, including Paneth cells, which migrate to the crypt base adjacent to the stem cells, goblet cells and enterocytes, which migrate up the villi and slough off into the intestinal lumen. This renewal cycle of the epithelial cells takes 3-5 days and occurs throughout adult life.
Given the resistance of p53 null mice to IR-induced apoptosis, several groups have studied the role of p53 and apoptosis in GI-ARS. Kamarov et al. demonstrated that at high dose of IR, Trp53 null mice are more susceptible to GI-ARS than wild-type (WT) mice. This susceptibility was attributed to unrestrained proliferation of p53 null crypt cells leading to mitotic cell death. 15 Kirsch et al. 16 established that mice with intestinal-specific deletion of p53 were resistant to apoptosis but susceptible to GI-ARS, and concluded that p53 controls GI-ARS in a manner that is independent of apoptosis. In contrast, mice deficient in the p53 regulated pro-apoptotic protein PUMA are resistant to IR-induced intestinal crypt cell apoptosis, are protected from GI-ARS, and survive longer than WT mice. 17 We previously reported that, although p53 null mice are resistant to apoptosis, intestinal crypt cells from compound mutant Prkdc scid/scid /Trp53
, and Ku80 −/− /Trp53 −/− mice undergo normal WT levels of IR-induced apoptosis, indicating the existence of a p53 independent apoptotic pathway that is active only in the absence of DNA-PK. 18 This unexpected interaction between DNA-PK and p53 in regulating IR-induced apoptosis prompted us to examine the longer-term effects of DNA-PK and p53 on GI-ARS using Prkdc scid/scid and Trp53 −/− single and compound mutant mice. 
Results

Prkdc
/Trp53
−/− mice. Persistent DNA damage, measured by γH2A.X staining at 24 h, was highly dependent on the cellular position within the crypt. In WT and Trp53 −/− mice, DNA damage peaked in the transit amplifying zone, at cell positions 4-7 (Figures 2a and b) . Few γH2A.X-positive cells were detected in the stem cell compartment at the base of the crypt or in post mitotic differentiated cells further up the crypt or in the villus. In contrast, in Prkdc scid/scid and Prkdc scid/scid /Trp53 −/− mice a markedly different distribution of γH2A.X staining was observed, with the highest levels found in cells at the base of the crypt, which progressively decreased as cells moved up the crypts and onto the villi. Further, the number of cells positive for γH2A.X staining was greater at all cell positions, which would be anticipated in NHEJ deficient cells. Clearly, the greatest impact of DNA-PKcs mutation on DNA damage is seen at the base of the crypt within the stem cell compartment, suggesting these cells are particularly dependent on the NHEJ pathway of DNA repair.
In addition to DNA repair and apoptosis, IR also induces cell cycle arrest, which can affect cell survival. Cell cycle arrest allows time for DNA repair thereby preventing entry of damaged cells into mitosis, which can lead to mitotic cell death. IR-induced DNA damage activates p53, which in turn induces the CDK inhibitor p21, leading to G 1 cell cycle arrest. Recent studies demonstrate DNA-PK plays a role in RPA32-phosphorylation and spindle formation; loss or inhibition of DNA-PK disrupts mitotic progression leading to mitotic catastrophe. [19] [20] [21] We quantified progression into S phase by BrdU incorporation. For all genotypes, BrdU incorporation at 24 h post-IR was primarily localized to the transit amplifying cells of the crypt (Figure 2c ). Trp53 −/− mice had the highest number of positive cells per crypt consistent with the known role of p53 in DNA damage induced G 1 arrest (Figure 2d ).
Increased phospho-H3 staining in the stem cell niche of Prkdc scid/scid /Trp53 −/− mice. To discern whether cells were progressing from S phase into mitosis, phospho-H3 (S10) staining was assessed. Both WT and Trp53 −/− mice had a similar distribution of phospho-H3 positive mitotic cells, with a clear peak at positions 4-7 in the transit-amplifying zone of the crypt. Little or no mitotic activity was seen at the base of the crypt in the stem cell compartment or in the upper crypt region and villi (Figure 2e ). This distribution is similar to that seen in unirradiated mice indicating the spatial organization of proliferation is maintained after IR. By comparison, Prkdc mice. Survivin, a member of the inhibitor of apoptosis protein (IAP) family, is upregulated during G 2 /M to control the mitotic spindle checkpoint, and regulate cytokinesis. 22 It is over-expressed in certain cancers and regulated by p53. 23 Survivin staining was primarily localized in the transit amplifying cells in WT, Prkdc scid/scid and Trp53 −/− mice (Figure 3a) . In contrast, staining for survivin was more prominent in Prkdc scid/scid /Trp53 −/− mice, and discrete, abundant nuclear foci within the stem cell compartment were evident, consistent with failed cytokinesis (Figure 3a) . 
Depletion of LGR5 stem cells and Paneth cells in Prkdc
scid/scid /Trp53 −/− mice. We examined Lgr5 stem cell fate using an antibody to the cell surface protein Lgr5 (GPR49).
13 Lgr5 + membrane staining was evident in isolated cells at the crypt base, between the Paneth cells, consistent with the location of these stem cells (Figure 4a ). Similar staining was observed prior to and at 24 h post IR for all genotypes. However, by day 3 post-IR, a marked loss of crypts with few remaining Lgr5 cells was evident in Prkdc scid/scid /Trp53 −/− mice (Figures 1b and 4a) . In the few crypts that remained in Prkdc scid/scid /Trp53 −/− mice, cells at the base stained positive for γH2A.X and BrdU, indicating 
24,25
As Wnt/ß-catenin signaling is important for Paneth cell differentiation 26 and can be down-regulated by activated p53, 27 we examined ß-catenin staining in irradiated tissues. 
/Trp53
−/− mutants are markedly resistant to apoptosis. 18, 29 To examine the relative role of NHEJ versus HR in IR response, we compared γH2A.X staining between DNA-PK and ATM deficient crypt cells after 8 Gy IR. ATM −/− mice had a γH2A.X distribution similar to WT mice, while a sixfold increase in γH2A.X positive cells in the stem cell compartment of the crypt was evident in Prkdc scid/scid mutant mice ( Figure 6 ). The ATM −/−
−/− mice also retained their 
Discussion
These studies reveal a functional interaction exists between DNA-PK and p53 within the stem cell compartment that governs GI-ARS. While DNA-PK mutant mice are radiosensitive, simultaneous loss of p53 exacerbated the radiosensitivity, characterized by loss of crypts and Paneth cells, absence of villi, intestinal collapse and earlier lethality. Reduced DNA-PK activity leads to persistent DNA damage, most notably in the stem cell compartment, and this coupled with loss of p53-mediated cell cycle arrest, results in aberrant progression of damaged cells into mitosis and ensuing mitotic catastrophe. In agreement with previous studies, p53 dependent apoptosis in transit amplifying cells did not correlate with GI-ARS. 15, 16, 28 Rather, the cell cycle arrest function of p53, especially in the context of excessive DNA damage, affects the overall tissue response to IR damage. 30 PUMA knockout mice are resistant to apoptosis and protected from succumbing to early GI-ARS at high doses of IR; notably, the mice did eventually die from GI-ARS, albeit several days after WT. 17 This is indicative that it is not only the initial apoptotic response that is important to GI-ARS, but also later cellular repair and mitotic integrity.
Stem cells need to persist throughout the life of the organism to maintain and regenerate damaged tissues, and so must have robust mechanisms to ensure their survival and to maintain genomic integrity. Paneth cells produce factors critical for maintaining gastrointestinal stem cells in their quiescent state; selective depletion of Paneth cells in mouse models leads to loss of stem cells. 24 Lgr5+ stem cells are required for IR-induced intestinal regeneration, and Lgr5 +-depleted mice are highly radiosensitive. 31 Loss of crypt Paneth cells was already apparent by 24 h post IR in the Prkdc scid/scid /Trp53 −/− mice, indicating failure to produce or maintain these differentiated cells, and by day 3, crypts were largely absent in Prkdc scid/scid
/Trp53
−/− mice. Overall, this leads to failure to maintain functional crypts and differentiated intestinal epithelial cells, highlighting the importance of DNA-PK in maintaining crypt homeostasis.
We also noted a marked increase in persistent DNA damage in Prkdc scid/scid mutant compared to ATM −/− or WT mice, particularly within the stem cell compartment at the base of crypt. Overall, this indicates these cells are especially reliant on DNA-PK mediated DNA DSB repair, consistent with NHEJ as the primary DNA DSB repair pathway in G 0 /G 1 cells. Other studies demonstrated increased DNA repair activity in stem cells, which may serve to protect these long-lived cells from endogenous and environmental DNA damage. 4, 32, 33 In addition to its well-known DNA repair function, DNA-PK also plays a role in mitotic spindle formation and mitotic progression. 21 Inhibition or depletion of DNA-PK leads to chromosome misalignment, multipolar spindles and polyploidy. 20, 34 Cells lacking DNA-PKcs have defective replication checkpoint arrest and sustained H2A.X phosphorylation that persists in cells entering mitosis, indicating inappropriate mitotic entry with unrepaired damage, 19, 35 which likely contributes to the GI-ARS phenotype observed.
The radiosensitive phenotype of DNA-PK mutant cells exacerbated by p53 loss is indicative of a functional interaction between DNA-PK and p53. In addition to an increase in persistent DNA damage in the stem cell compartment, irradiated Prkdc scid/scid
−/− mice abnormally progress through the cell cycle, apparent by increased BrdU incorporation, phospho-H3 staining, and abnormal mitotic figures. While reduced DNA-PK activity leads to persistent DNA damage, this coupled with loss of p53 mediated cell cycle arrest results in aberrant progression of damaged cells into mitosis and ensuing mitotic catastrophe, effectively depleting the stem and Paneth cells, eventually leading to tissue failure.
These results highlight the importance of both in vivo cellular hierarchies and genetic interactions in dictating overall tissue response to DNA damaging agents such as IR. The functional interaction between DNA-PK and p53 that affects stem cell fate after damage may be useful in designing treatments for GI-ARS and p53 mutant cancers. 
−/− mice was as previously described. 29 Genotyping was done using established protocols available on request. All mice were kept in microisolator cages. Adult mice received a single dose of 8 Gy from a Mark I Cesium irradiator. Mice were killed at 24 h or when they became moribund. Some mice were injected with BrdU (100 mg/kg i.p., Sigma Aldrich, St. Louis, MO, USA) 1 h before sacrifice. All procedures were approved by the Fred Hutchinson Cancer Research Center Institutional Animal Care and Use Committee.
Immunohistochemistry. Tissues were fixed in neutral buffered formalin, and then processed to paraffin. Sections (4 μm) were deparaffinized and rehydrated and stained with hematoxylin and eosin (H&E), or subjected to immunohistochemistry for specific proteins or BrdU using a three step ABC technique with the following pre-treatments. Sections stained for phosphorylated histone H3 (S10; Cell Signaling Technology, Danvers, MA, USA), phosphorylated H2A.X (S139; Cell Signaling Technology), cleaved caspase 3 (Asp175; Cell Signaling), lysozyme (Abcam, Cambridge, MA, USA), β-catenin (NeoMarkers, Fremont, CA, USA), GPR49 (Lgr5; Abbiotec, San Diego, CA) or survivin (Cell Signaling Technology) were steamed for 20 min in pH 6.0 citrate buffer. Sections stained for BrdU (Dako, Carpinteria, CA, USA) were treated with HCl and trypsin. All sections were blocked for peroxidase with 3% H 2 O 2 , stained with the primary antibody followed by a biotinylated secondary antibody (Vector, Southern Biotech) and streptavidin ABC (Vector Laboratories, Burlingame, CA, USA). Slides were developed using DAB/NiCl (Sigma-Aldrich, Saint Louis, MO, USA) and counterstained with methylgreen (Sigma-Aldrich). Statistics. Survival curves were compared using log rank (Mantel-Cox) test. Samples were compared via unpaired, two-tailed Student's t tests using GraphPad Prism software version 6 (San Diego, CA, USA). When variances significantly differed, Welch's correction was used.
